Introduction
Atomic absorption spectrometry (AAS) with a flame or an electrothermal atomizer is a well-established technique for the determination of metals in all types of samples. Graphite furnace AAS is widely applied for determining metals at trace levels. Despite the lack of a commercial instrument, the use of the tungsten coil atomizer in AAS is gradually increasing. [1] [2] [3] [4] The main drawback of AAS associated with each of these atomizers is the single-element nature of the measurement. Ongoing efforts to overcome this drawback have focused on the graphite-furnace atomizer. Harnly presented a comprehensive discussion on this topic, and compared commercial and prototype instruments. 5 Typical approaches include the incorporation of new devices, such as solid state detectors, and the improvement of the experimental conditions during the measurement, such as the search for a universal chemical modifier. Recently, Welz et al. presented a discussion about new strategies that could be implemented using an AAS with a Xe lamp as a continuum source, a high-resolution doubleechelle monochromator and a charge-coupled device detector. 6 One particularly intriguing new approach to background correction involved mathematical algorithms, which take into account the entire spectral range around the analyte line for transient signals.
A limited number of reports on simultaneous multi-element analyses using a tungsten coil atomizer have appeared in the literature. These works employed electrodeless discharge lamps, single-element or multi-element hollow-cathode lamps as radiation sources, [7] [8] [9] and focused on the determination of Cd and Pb 7 or Cd, Cu, and Pb. 8, 9 An innovative optical arrangement was designed by Wagner et al. using three 60˚-beam combiners to mix the emission beams from up to four radiation sources while directing them through the atomizer simultaneously. 8 In the work described here, a continuum source Xe arc lamp, a tungsten coil atomizer, a Czerny-Turner monochromator, and a photodiode array were assembled for evaluating the feasibility of this arrangement for simultaneous multi-element analyses.
Experimental

Instrumental set-up
All measurements were carried out using a laboratoryconstructed continuum source tungsten coil atomic absorption spectrometer. A schematic diagram of the instrument is shown in Fig. 1 . The output from the 150 W Xe arc lamp was focused through the tungsten coil atomizer using a single fused silica A continuum-source tungsten coil electrothermal atomic absorption spectrometer has been assembled, evaluated, and employed in four different applications. The instrument consists of a xenon arc lamp light source, a tungsten coil atomizer, a Czerny-Turner high resolution monochromator, and a linear photodiode array detector. This instrument provides simultaneous multi-element analyses across a 4 nm spectral window with a resolution of 0.024 nm. Such a device might be useful in many different types of analyses. To demonstrate this broad appeal, four very different applications have been evaluated. First of all, the temperature of the gas phase was measured during the atomization cycle of the tungsten coil, using tin as a thermometric element. Secondly, a summation approach for two absorption lines for aluminum falling within the same spectral window (305.5 -309.5 nm) was evaluated. This approach improves the sensitivity without requiring any additional preconcentration steps. The third application describes a background subtraction technique, as it is applied to the analysis of an oil emulsion sample. Finally, interference effects caused by Na on the atomization of Pb were studied. The simultaneous measurements of Pb and Na suggests that negative interference arises at least partially from competition between Pb and Na atoms for H2 in the gas phase. The detector was a 1024-element linear photodiode array detector (PDA-1024, Princeton Instruments, Trenton, NJ, USA) with a Model ST-1000 controller (also from Princeton Instruments). The diode array was 25 cm in length, resulting in a resolution of approximately 0.004 nm/pixel. In practice, the best resolution attainable was approximately 6 pixels, or 0.024 nm. The detector was triggered automatically at the beginning of the atomization stage, and a user-selectable number of spectra with a selected exposure time were collected.
A complete description of the tungsten coil furnace, control of the power supply, and the data-acquisition routine has been published elsewhere. 2, 10 The tungsten coil was extracted from a commercial standard slide projector bulb (Osram, BRJ, 15 V, 150 W, Munich, Germany), and was positioned in the center of the radiation beam. A gaseous mixture composed of 90% Ar + 10% H2 at a flow-rate of 1.0 L min -1 was used as the purge gas. The monochromator wavelength was set according to the spectral range of interest, depending upon the analytes. All reference solutions were prepared by the dilution of stock solutions (1000 mg L -1 , SPEX CertPrep, Metuchen, NJ, USA) in distilled-deionized water.
Three atomization programs were developed. The first was developed for gas-phase temperature measurements (Table 1) . This procedure required a heating program that prevented the loss of Sn prior to the atomization stage. The second program was employed for analyzing oil emulsions (Table 2 ). This program required modest pyrolysis temperatures to avoid the formation of tungsten carbides and subsequent deterioration of the tungsten coil. Finally, the third program was designed to allow the thermal separation of Pb and Na, thereby avoiding potential gas-phase interferences between these elements ( Table  3) .
Measurement of gas phase temperature
Gas-phase temperatures can be estimated using Sn as a thermometric element with the two-line atomic absorption method recently shown by Queiroz et al. 11 The selection of Sn for the current system is convenient because the two absorption lines can be simultaneously measured in the same spectral window. The monochromator was set to measure the spectral window from 283.0 to 287.0 nm. Tin absorbance signals were measured at 284.0 nm (A284.0) and 286.3 nm (A286.3) and the corresponding gas-phase temperature (Kelvin) was calculated from the absorbance values by using the following expression:
A micropipette (Eppendorf, Germany) was used to deposit 30 µL aliquots of a 500 mg L -1 Sn solution onto the tungsten coil. This relatively high concentration was used to improve the signal-to-noise ratio, which was diminished by the low sensitivity of the photodiode array detector. The value, however, remained in the linear dynamic concentration range for the method. Since all measurements were based on two nearby Sn absorption lines, there was no need to compensate for differences in the photodiode array spectral response, or radiation source intensities. The tungsten coil surface was coated with a permanent chemical modifier to avoid the loss of Sn during the dry and pyrolysis stages. A volume of 30 µL of a solution containing 1000 mg L -1 Ir was transferred to the tungsten coil and the heating program given in Table 1 was applied using an applied current of 5.0 A during the atomization stage. According to procedure proposed by Hou et al., 12 this process was repeated 10 times for an efficient coating of the tungsten surface.
Summation of absorbance signals
Continuum source AAS facilitated the summation of all absorption lines observed in the same spectral window for a single analyte. This approach was evaluated for Al using the tungsten coil atomizer. With a spectral window spanning 305.5 to 309.5 nm, two absorption lines for Al were present. Aluminum was atomized using the heating program given in Table 1 with an applied current of 7.0 A during the atomization stage.
Background correction
Continuum source AAS also allows for simple and powerful approaches for background corrections. 6 This possibility was demonstrated here by evaluating a subtraction approach for obtaining the net absorbance. An emulsion was prepared by mixing 0.2 g of lubricant oil and 600 µL of an aqueous stock solution containing 500 mg L -1 Al, 200 mg L -1 Ni, and 50 mg L -1 V. Once again the use of a relatively high concentration was justified by the low sensitivity of the photodiode-array detector and the optimization of the signal to noise ratio, while keeping all concentrations within the linear dynamic concentration range for each analyte. The final mass was adjusted to 10.0 g with xylene (Fisher Scientific, Pittsburgh, PA, USA). Another 0.2 g aliquot of the same lubricant oil was diluted to 10.0 g with xylene without spiking it with Al, Ni, and V. This solution was used as the blank, since previous measurements indicated that this oil sample did not contain Al, Ni, or V. Employing the heating program shown in Table 2 , spectra were obtained for the blank solution and for the oil emulsion. The net absorbance spectrum was obtained by subtracting the blank spectrum from the oil emulsion spectrum.
Interferences caused by Na on Pb
The spectrometer was adjusted to transfer all wavelengths in the range 282. Pb + 500 mg L -1 Na. The high sodium concentration was employed in order to obtain a clear manifestation of the interference effect. Two heating programs were used for performing these experiments. As before, the first one involved an initial drying step, followed by two separate pyrolysis steps, and finally an atomization step ( Table  1) . As shown in the table, data acquisition was performed only during the final step, since this was the only stage capable of producing gaseous atoms. The second heating program was designed to achieve thermal separation between Pb and Na (Table 3) . In this case, Pb atoms were generated during the first half of the third stage (and data were collected during this stage) while Na atoms did not begin to appear until the latter half of stage three. All measurements were carried out by delivering a 30 µL volume of the working solution onto the tungsten coil using a micropipette (Eppendorf). All analytical signals were recorded by measuring the total peak area during the first 5 s of the given atomization stage.
Results and Discussion
Measurement of the gas-phase temperature
Premature loss of Sn is possible during the pyrolysis stage due to the metal's relatively low melting point (232˚C). 13 This problem was overcome by coating the tungsten coil with Ir, as recently proposed in a study dealing with the determination of selenium in water. 12 The resulting heating program is given in Table 2 . Sn was atomized by applying currents from 5.0 to 7.5 A in increments of 0.5 A. Higher currents were not applied because they caused partial volatilization of the Ir coating. This was observed by the appearance of an Ir absorption line at 285.0 nm, and the corresponding absorbance increased as higher currents were applied. During each atomization step, 50 adjacent spectra (episodes), each having an integration time of 100 ms, were collected. Therefore, the total observation time was 5 s.
Simultaneous measurements at 284.0 and 286.3 nm and treatment of data using Eq. (1) led to the following equation:
where Iapplied is the applied current in amps. The linear correlation coefficient for this equation was 0.9967. The calculated gas-phase temperatures, as they relate to the applied coil current, are presented in Fig. 2 . Although these temperatures are higher than those recently presented by Queiroz et al., 11 the volume of the glass cell containing the tungsten coil and the purge gas introduction port were different for each furnace. Additionally, the literature data were measured at an observation height of 2 mm above the tungsten coil surface, and the present data were measured with the tungsten coil positioned in the center of the radiation beam. While this position may have resulted in increased background radiation noise due to the blackbody emission from the coil, it also minimized the temperature gradient between the gas phase and the surface of the coil. The current continuum source atomic absorption system resulted in a more accurate measurement of the gas-phase temperature, since the Sn absorption lines were monitored simultaneously during a single atomization cycle. This was not possible with the hollowcathode system used previously. Thus, any of the small irreproducible effects changing between successive atomizations would be eliminated with the continuum source system.
Summation of absorbance signals
The spectral window covering the 305.5 -309.5 nm range contained two absorption lines for Al: the less intense line at 308.2 nm and the more intense one at 309.3 nm. Analytical curves were obtained for simultaneous measurements of these two lines.
Calibration curves were linear with the Al concentration for both absorption lines.
The calibration sensitivity for the weaker line was 50% lower than that for the stronger one.
Thus, the linear dynamic range for the combination of the two lines was longer than that for either individually, so time-consuming dilution steps could be avoided in some cases, and the precision of the measurement could be improved in those cases where the analyte was present at a concentration that was in the linear range for both curves. A second approach that could be implemented was the summation of both absorbance signals to improve the sensitivity. This method led to increases in the sensitivity by factors of 2.5 and 1.7 for the Al lines at 308.2 and 309.3 nm, respectively.
Background correction
Lubricant oil samples diluted in organic solvents, such as xylene, have not been previously analyzed by tungsten coil atomic absorption spectrometry. With the current system, analyses of this type of sample resulted in a decrease of the coil lifetime to approximately 45 heating cycles. While significantly lower than normal, this coil lifetime is still acceptable, considering the low cost of the tungsten coil and the direct analysis of the difficult sample matrix (a simple dilute-andshoot procedure). peaks at lower wavelengths probably arise from these same elements.
14 This approach could be considered to be an extension of the near-line background-correction method. However, by using the continuum source tungsten coil AAS, all lines are simultaneously corrected, and there is no critical spatial matching of the radiation, since only one radiation source is used. This also eliminates the need for energy intensity matching of the lines. Depending upon the spectral resolution of the instrument, the subtraction approach might also correct any spectral interferences, such as structured molecular and atomic backgrounds, as well as radiation scattering. Figure 4 shows a simultaneous measurement of Na and Pb in the spectral window spanning 282.5 to 286 nm. The absorbance of a solution containing 10 mg l -1 Pb (analyte) decreased by 84% when the spectrum was collected at 0.8 s after onset of the atomization stage when 500 mg l -1 Na was present, compared to a solution containing only 10 mg l -1 Pb with no Na (Figs. 4a and  4b) . The relatively intense continuum background absorption (Fig. 4b) is most likely caused by molecular absorption and radiation scattering due to species formed during the atomization of such a high concentration of the concomitant. While condensed-phase processes are known to cause this type of inter-element interference, [15] [16] [17] [18] competition for H2 in the gas phase might also be a factor. Na atomization is known to depend upon the presence of H2, 18 and such a competition could explain the negative interferences on the Pb signal.
Gas-phase interferences between Na and Pb
This possibility was investigated as follows. Visual inspection of the signals during the atomization cycle showed that the Pb atoms clearly appeared prior to the onset of the Na atoms, using the heating program shown in Table 1 . This observation suggested that it could be possible to perform a thermal separation between Pb and Na. Pyrolysis The atomization program was developed in light of two conflicting goals. The currents applied during drying and the pyrolysis stages had to be high enough to guarantee thermal volatilization of the organic solvent and thermal degradation of the oil matrix without causing a fast and uncontrolled formation of tungsten carbides that could destroy the tungsten coil. On the other hand, these temperatures needed to be low enough to avoid analyte loss before the atomization stage. The heating program shown in Table 2 was developed with these goals in mind.
The background correction procedure developed here began with the acquisition of a full spectrum for an oil solution diluted in xylene.
This sample did not contain measurable concentrations of Al or V, and was considered to be a blank solution. The resulting noisy background absorption spectrum is shown in Fig. 3a . When this same oil solution was spiked with an aqueous reference standard solution containing both Al and V, and the resulting emulsion was introduced onto the tungsten coil; the spectrum recorded in Fig. 3b was the result. When Fig. 3a was subtracted from Fig. 3b , the resulting background-corrected spectrum was as shown in Fig. 3c . This spectrum clearly exhibits two intense lines for Al at 308.2 and 309.3 nm, and one intense line for V at 306.6 nm. The small while Na absorbance signals failed to appear prior to 1000˚C. 18 A conventional heating program, such as that proposed in Table  1 , is not capable of thermally separating these elements, since both elements are atomized together. However, by employing a lower atomization temperature for Pb, its peak signal may be reached prior to the onset of Na atomization. Measuring the Pb signal in this way should eliminate the possibility of gas-phase interference between Pb and Na, since they are not present in the atomic cloud at the same time.
A new heating program was evaluated using a lower applied current for Pb atomization without Na atomization during the same stage (Table 3 ). This program was expected to provide a lower peak absorption due to the lower atomization temperature, while offering thermal separation between the analyte and the interferent. As expected, the transient signals were separated with the Pb absorbance signal appearing during the first half of the third stage of the heating program, and the Na absorbance signal appearing predominantly during the second half. Figure 5 shows the temporal separation achieved with this program. Note that during the first 5 s of this stage (during the read time) most of the Pb signal is generated, and only a small fraction of the Na signal occurs. Thus, the analytical signal for Pb should be relatively free from gaseous Na interference. Using a peak-area measurement over the first 5 s, no loss of sensitivity was observed for Pb, despite the significant reduction in the maximum absorbance signal with the lower atomization temperature: 0.065 peak absorbance (Fig.  5) vs. 0.30 peak absorbance (Fig. 4a) . Using this approach, the interferences caused by Na resulted in less than a 10% reduction in the Pb signal, and the remaining inaccuracy could be explained either by condensed-phase processes that may be still occurring, or residual gas-phase interference from the small amount of gaseous Na present during the read time (the overlapped portion of the profiles in Fig. 5 ). One may thus conclude that most of the interference between Pb and Na indeed occurred in the gas-phase.
Conclusion
A simultaneous multi-element continuum-source atomic absorption spectrometer with a tungsten coil atomizer was assembled and evaluated. A range of applications has been demonstrated, and others could be foreseen, such as the use of internal standards for improving the repeatability and accuracy. The main limitations of the system include its relatively poor sensitivity (compared to line source systems) and the limited spectral window of 4 nm. Future work will focus on these limitations by using a charge-coupled device as the detector and an echelle optical system. ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 
